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Fluorobenzenes,	 in	 particular	 fluorobenzene	 (FB)	 and	 1,2-difluorobenzene	 (1,2-DiFB),	 are	 increasingly	
becoming	recognised	as	versatile	solvents	for	conducting	organometallic	chemistry	and	transition-metal-
based	 catalysis.	 The	 presence	 of	 fluorine	 substituents	 reduces	 the	 available	 π-electron	 density	 and	
consequently	 fluorobenzenes	 generally	 bind	 weakly	 to	 metal	 centres,	 allowing	 them	 to	 be	 used	 as	
essentially	 non-coordinating	 solvents	or	 as	 readily	 displaced	 ligands.	 In	 this	 context,	 examples	of	well-
defined	complexes	of	fluorobenzenes	are	discussed,	including	trends	in	binding	strength	with	increasing	
fluorination	and	different	substitution	patterns.	Compared	to	more	highly	fluorinated	benzenes,	FB	and	
1,2-DiFB	 typically	 demonstrate	 greater	 chemical	 inertness,	 however,	 C–H	 and	 C–F	 bond	 activation	
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Fluorobenzenes,	 in	 particular	 commercially	 available	 fluorobenzene	 (FB)	 and	 1,2-difluorobenzene	 (1,2-
DiFB),	 are	 increasingly	 becoming	 recognised	 as	 versatile	 weakly	 coordinating	 solvents	 for	 conducting	
organometallic	 chemistry	 and	 transition	 metal	 catalysis.	 The	 presence	 of	 fluorine	 substituents	













coordination	 and	 reaction	 chemistry	 of	 FB	 and	 1,2-DiFB	 with	 transition	 metal	 complexes.	 Such	




















C6H6-nFn	(isomer) Melting	point	(°C) Boiling	point	(°C) 
n	=	1 −42 85 
n	=	2	(1,2;	1,3;	1,4) −34;	−59;	−13 92;	83;	88 
n	=	3	(1,2,3;	1,2,4;	1,3,5) −;	−;	−6 94;	88;	75 
n	=	4	(1,2,3,4;	1,2,4,5) −42;	4 95;	90 
n	=	5 −48 85 
n	=	6 4 81 
	
FB	has	a	dielectric	constant	of	5.4	at	room	temperature,	whilst	1,2-DiFB	has	a	value	of	13.8.13,14,15	Both	
values	 are	 larger	 than	 that	 of	 benzene	 (ε	 =	 2.3),	while	 1,2-DiFB	 has	 a	 dielectric	 constant	 greater	 than	
widely	used	weakly	coordinating	solvent	dichloromethane	(ε	=	9.1)	and	even	THF	(ε	=	7.6),	but	less	than	
acetone	 (ε	 =	 20.7),	 methanol	 (ε	 =	 32.6),	 and	 nitrobenzene	 (ε	 =	 34.8).13,16	 Neat	 FB	 and	 1,2-DiFB	 are	
consequently	suitably	polar	to	solvate	a	broad	range	of	neutral	and	charged	organometallics,	with	1,2-
DiFB	 an	 excellent	 solvent	 for	 charged	 species	 in	 particular	 (one	 could	 also	 consider	 applications	 using	
mixed	 FB/1,2-DiFB	 systems	 to	 tune	 solvent	 polarity).	 Indeed	 for	 halide	 abstraction/salt	 metathesis	
reactions	in	1,2-DiFB	it	is	important	to	consider	that	low	concentrations	of	inorganic	salts	(e.g.	NaCl)	can	
remain	 solvated,	 in	 comparison	 to	CH2Cl2	 or	 FB,	 and	have	 subsequent	 impact	on	 reaction	 chemistry.17	
Moreover,	both	FB	and	1,2-DiFB	have	high	enough	polarity	 to	be	used	 in	electrospray	 ionization	mass	
spectrometry	 techniques.18,19,20	 In	 our	 experience	 NMR	 spectra	 in	 proteo-fluorobenzenes	 can	 be	
collected	using	internal	sealed	capillaries	of	either	C6D6	or	d6-acetone;	1H	NMR	spectra	in	FB	and	1,2-DiFB	
can	 be	 referenced	 using	 the	 highest	 intensity	 peak	 of	 the	 lowest	 frequency	 multiplet	 or	 highest	
frequency	multiplet,	respectively	(both	δ	6.865).	d5-FB	has	also	become	commercially	available.	Sullivan	
and	Meyer	brought	attention	to	1,2-DiFB	as	an	excellent	solvent	for	electrochemical	studies	in	1989,	due	
its	 low	 coordinating	 abilities,	 chemical	 inertness	 and	 the	 wide	 potential	 window	 of	 +2.0	 to	 −2.2	 V	




compared	to	CH2Cl2	during	the	synthesis	of	 low-coordinate	 iridium	complexes	 in	2002.24	More	recently	
both	FB	and	1,2-DiFB	have	found	roles	as	weakly-coordinating	solvents	 in	the	synthesis	of	unusual	and	
reactive	metal	 complexes,	particularly	 those	 that	are	cationic	 (typically	 containing	weakly	 coordinating	
anions),25	 e.g.	 [Zn3Cp*3]+,26	 [Rh6(PCy3)6(H)12]2+,27	 [Ir=B=NiPr2(PMe3)3(H)2]+,28	 and	 [Pd(PtBu3)2]+,23	 and	 in	
	 5	
transition	 metal	 catalysed	 reactions.	 For	 example,	 the	 rhodium	 catalysed	 dehydropolymerisation	 of	
H3BNMeH2	 to	 form	 [H2BNMeH]n	 was	 found	 to	 proceed	 to	 completion	 over	 9	 times	 faster	 when	
conducted	 in	 FB	 solvent	 compared	 to	 in	 THF	 and	 was	 attributed	 to	 the	 inability	 of	 FB	 to	 reversibly	
coordinate	 to	 the	 catalyst	 (in	 contrast	 to	 THF).29	 Likewise,	 the	 electrocatalytic	 oxidation	 of	 H2	 by	 Ni	
complexes,	bearing	phosphine	ligands	with	pendant	amine	groups,	exhibits	significantly	faster	turnover	
in	 FB	 compared	 to	 THF	 and	 MeCN;	 solvents	 that	 are	 believed	 to	 encumber	 coordination	 of	 H2	 by	
competitively	binding	to	the	metal	centres.30,31	1,2-DiFB	and	HFB	have	also	been	shown	to	be	effective	
solvents	for	conducting	ruthenium	catalysed	olefin	metathesis	reactions.32	Although	non-polar	HFB	(ε	=	




Whilst	 fluorobenzenes	 are	 justifiably	 considered	 weakly	 coordinating,	 they	 may	 bind	 to	 a	 transition	
metal	 centre	 via	 several	 coordination	 modes.	 To	 begin	 with	 it	 is	 instructive	 to	 consider	 the	 relative	
binding	energies	of	 fluorobenzenes	with	naked	metal	cations	and	several	experimental	and	theoretical	




transform	 ion	cyclotron	 resonance	mass	 spectrometry,	 supplemented	by	DFT	calculations.34	The	arene	







It	 is	 well	 established	 that	 alkene	 ligands	 bearing	 electron-donating	 substituents	 result	 in	 favourable	
donor	 interactions	 with	 electron-deficient	 metal	 fragments,	 while	 conversely,	 electron-withdrawing	
groups	 lead	 to	 effective	 π	 back-bonding	 interactions	 with	 electron-rich	 metal	 centres.36	 Equivalent	
effects	are	expected	for	arene	ligands,	i.e.	for	electron-deficient	metal	centres	(e.g.	cationic	systems)	the	
addition	of	electron-withdrawing	fluorine	substituents	will	reduce	an	arene’s	binding	affinity,	whilst	for	








these	 complexes	was	 inversely	 correlated	with	 the	 incorporation	 of	 the	 electron-withdrawing	 fluorine	
substituents	and	attempted	 isolation	of	symmetrical	chromium	sandwich	complexes	of	 fluorobenzenes	
bearing	 more	 than	 two	 fluorine	 substituents	 proved	 unsuccessful.	 The	 preparation	 of	 unsymmetrical	
derivatives	of	highly	fluorinated	benzenes,	however,	was	realized,	i.e.	[Cr(η6-C6H6)(η6-C6H6-nFn)]		(n	=	4	–	
6).	 Structural	 characterisation	 of	 [V(η6-1,4-DiFB)2]	 in	 the	 solid-state	 by	 X-ray	 diffraction	 interestingly	
revealed	a	 small	 “boat”	deformation	of	 the	arene	 rings,	with	a	 closer	approach	of	 the	non-fluorinated	







In	 order	 to	 assess	 the	 relative	 donor	 properties	 of	 fluorobenzenes,	 chromium	 carbonyl	 complexes	












Free	arene		 7.16	 6.8	–	6.9	 6.50	
[Cr(CO)3(η6-arene)]	 4.27	 3.6	–	4.3	 4.27	



























n = 1, 2
F
X
X = H, F; PP = bis(phosphine), 
diphosphine ligand M = Ga, In
	 7	
As	a	strategy	for	accessing	reactive	low-coordinate	{RhL2}+	(L	=	phosphine,	L2	=	diphosphine)	fragments	in	
solution,	Weller	 and	 co-workers	 have	prepared	 a	 range	of	 adducts	 bearing	 FB	 and	1,2-DiFB	 as	weakly	
coordinating	 ligands	 (3,	 Chart	 1).18,19,27,46,47,48,49	 Facile	 substitution	 of	 the	 arene	 ligands	 in	 these	 well-
defined	 complexes	 allows	 them	 to	 be	 considered	 “operationally	 unsaturated”	 rhodium	 species	 in	
solution	(vide	infra).	Evidence	for	coordination	of	arenes	with	a	higher	degree	of	fluorination	is	limited	to	
solution	 phase	 characterisation	 of	 [Rh(iBu2PCH2CH2PiBu2)(η6-1,2,3-TriFB)]+	 (TriFB	 =	 C6H3F3)	 and	
encumbered	by	η6-coordination	of	 the	 [BArF4]−	 counter	anion,50	which	has	 typically	been	employed	 for	
these	systems.18	Exploiting	the	latter	observation,	free	energies	for	the	coordination	of	a	range	of	arenes	




1).	 This	 trend	was	also	corroborated	using	collision	 induced	dissociation	 studies	 in	 the	gas	phase	using	
electrospray	 ionisiaton	mass	 spectrometry,	which	 allows	 for	 “fast	 and	easy	 comparison	of	 the	binding	
affinity	of	arene	ligands	to	cationic	organometallic	fragments”	(Chart	2).18	Using	this	method,	the	effect	








Linear	 paramagnetic	 complexes	 [CoAr*(η6-arene)]	 (Ar*	 =	 2,6-(2,4,6-iPr3C6H2)2-3,5-iPr2C6H;	 arene	 =	
benzene,	 toluene,	 FB;	 4,	 Chart	 1)	 were	 prepared	 by	 reduction	 of	 [CoAr*Cl]2	 in	 arene	 solvent	 and	
crystallographically	 characterised.	 Inspection	 of	 the	 solid-state	metrics	 of	 these	 complexes	 revealed	 a	
shorter	Co–centroid	 (1.557(5)	Å)	distance	 for	 the	FB	derivative,	 in	comparison	 to	benzene	 (1.634(2)	Å)	
and	even	more	 so	 for	 the	 toluene	analogue	 (1.659(1)	Å),	 implicating	 the	presence	of	 significant	metal	
π back-bonding.	 Under	 equivalent	 conditions,	 reduction	 of	 [CoAr*Cl]2	 in	 HFB	 instead	 resulted	 in	 C–F	
bond	activation	and	formation	of	K[CoAr*(C6F5)F].			
	
Energy required for collision induced 
dissociation of the arene:

















Outside	of	 the	 transition	elements,	 FB	adducts	of	Ga(I)	 and	 In(I)	 prepared	by	Krossing	and	 co-workers	
through	 the	 oxidation	 of	 gallium/indium	 metal	 with	 Ag[Al(ORF)]	 in	 the	 arene	 solvent	 merit	 special	
mention.	 Of	 the	 three	 polymorphs	 of	 these	 products,	 two	 feature	 remarkable	 examples	 of	 tris-




In	 the	 context	 of	 C–H	 bond	 activation,	 Perutz,	 Clot,	 and	 co-workers	 have	 systematically	 studied	 η2-
fluoroarene	 adducts	 of	 rhenium	 cyclopentadienyl	 complexes.	 In	 addition	 to	 experimental	 work,56	 the	
apotheosis	 of	 which	 included	 the	 isolation	 and	 comprehensive	 structural	 characterisation	 of	
[ReCp(CO)2(η2-HFB)],57	 trends	 in	 regioselectivity	 were	 studied	 computationally	 for	 a	 wide	 range	 of	
fluorobenzenes		(C6H6-nFn,	n	=	0	–	5,	selected	binding	energies	shown	in	Chart	3).58	A	clear	preference	for	
metal	 coordination	 in	 the	order	HC=CH	>	HC=CF	>	FC=CF	was	established	and	attributed	 to	greater	π-
density	at	these	positions,	although	there	was	no	clear	trend	in	binding	strength	amongst	the	arenes.	As	









bridging	 arenes	 are	 notable	 examples	 (Chart	 4).65	 The	 solid-state	 structure	 of	 6	 indicates	 μ-η4:η4-
coordination	of	the	FB,	which	is	distorted	dramatically	away	from	planarity.	Interestingly	this	structure	is	
retained	 in	 solution	 (d8-THF)	and	 is	 formed	preferentially	over	mononuclear	η4-FB	and	THF	adducts.	 In	
the	 case	 of	 7,	 the	 1,4-DiFB	 variant	 was	 crystallographically	 characterised	 and	 revealed	 a	 μ-η2:η2-



































observed	 compared	 to	 the	 free	 arene	 (e.g.	 for	 8;	 1.417(3)	 vs.	 1.364(2)	 Å).	 This	 suggestion	 has	 been	
supported	 through	 computational	 analysis,67	 which	 also	 showed	 the	 κFF–1,2-DiFB	 binding	 to	 [MCp*2]+	
decreases	 in	 the	order	M	=	Sc	>	Ti	>	V.	This	 trend	was	attributed	to	 the	availability	of	unfilled	 frontier	























































The	 ability	 of	 complexes	 of	 partially	 fluorinated	 benzenes	 to	 be	 used	 as	 well-defined	 organometallic	
precursors	and	pre-catalysts,	through	facile	dissociation	of	the	fluoroarene	in	solution,	is	exemplified	by	
a	 growing	 body	 of	 rhodium	 systems	 developed	 by	 Weller	 and	 co-workers	 (Scheme	 1).	 For	 instance,	
“operationally	 unsaturated”	 rhodium	 bis-phosphine	 and	 rhodium	 diphosphine	 fragments	 have	 been	
employed	as	catalysts	for	dehydrocoupling	reactions	of	amine-	and	phosphine-boranes.46,69	Bench	stable	
(i.e.	 air	 stable	 in	 the	 solid-state)	 small-bite	 angle	 diphosphine	 variants	 are	 also	 notable	 for	 their	







butylene.54	 Indeed,	 complexes	 of	 the	 formulation	 [E(η6-FB)2][Al(ORF)]	 (E	 =	 Ga,	 In)	 have	 proven	 to	 be	
excellent	 precursors	 for	 a	 range	 of	 main	 compounds	 of	 gallium	 and	 indium.52,53,64,72	 Related	 “naked”	
cations	of	Cu(I),	[Cu(η4-1,2-DiFB)2][Al(ORF)],	can	also	be	prepared	and	are	reactive	starting	materials	for	
Cu(I)	 chemistry.62	 Titanium	 complex	 8,	 bearing	 a	 κF-FB	 ligand,	 is	 a	 pre-catalyst	 for	 carboamination	





1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane),	 for	 which	 hydrolysis	 products	 12	 are	 suggested	 to	 be	
active	under	physiological	 conditions	 (Scheme	2),44,73	Dyson	 and	 co-workers	 have	prepared	 a	 series	 of	




































































Mn = 1980 gmol-1
	 11	
complexes	 were	 obtained	 using	 procedures	 involving	 [RuCl2(η6-arene)]2	 and	 [Ru(η4-COD)(η6-arene)]	 as	
isolated	 intermediates,	 both	 of	 which	 represent	 potentially	 versatile	 Ru(II)	 and	 Ru(0)	 precursors,	
respectively;	 the	 latter	were	 all	 characterised	 in	 the	 solid-state	by	X-ray	diffraction.	 Showing	potential	









As	a	 result	of	 inductive	effects	 the	constituent	C–H	bonds	of	 fluorobenzenes	are	significantly	stronger,	
but	more	 acidic	 than	 benzene.58,74	 These	 electronic	 effects	 are	most	 pronounced	 in	 highly	 fluorinated	
aromatic	 systems	and	as	 such	C–H	bond	activation	 reactions	of	arenes	bearing	 three	or	more	 fluorine	
substituents	have	been	most	widely	exploited	 in	organic	chemistry	(vide	 infra).75	 In	contrast,	C–H	bond	








Indeed	 some	 of	 the	 first	 well-defined	 systems	 known	 to	 activate	 the	 C–H	 bonds	 of	 fluorobenzenes	
involved	 transient	 formally	 16	 VE,	 rhodium(I)	 cyclopentadienyl	 fragments	 {Rh(η5-C5R5)(PMe3)}	 (R	 =	 H,	
Me),	 generated	 by	 thermolysis	 of	 [RhCp*(PMe3)(Ph)H]	 or	 photolysis	 of	
[RhCp*(PMe3)(H)2]/[RhCp(PMe3)(C2H4)]	in	the	arene	solvent;	species	that	readily	undergo	reversible	C–H	
bond	oxidative	addition	of	alkanes	and	benzene	(Scheme	3,	Chart	6).59,76	This	work	described	in	1994	by	
Jones,	 Perutz	 and	 co-workers,77	 encompassed	 C–H	 bond	 activation	 reactions	 of	 a	 range	 of	 partially	
fluorinated	 benzenes,	 including	 FB	 and	 1,2-DiFB,	 and	 is	 notable	 for	 marking	 out	 the	 thermodynamic	
preference	 for	 C–H	 bond	 activation	 ortho	 to	 the	 fluorine	 substituents,	 the	 so	 called	 “ortho	 fluorine	



















Rh(2,6-C6H4F2)H	 regioisomers,	 respectively,	 were	 ultimately	 obtained	 (e.g.	 13,	 Scheme	 3).	 Similarly,	
[RhCp*(PMe3)(2-C6H5F)H]	 was	 produced	 exclusively	 on	 thermolysis	 of	 [RhCp*(PMe3)(Ph)H]	 in	 FB.	 The	
presence	 of	 η2-arene	 intermediates	 preceding	 C–H	 bond	 oxidative	 addition	 can	 be	 used	 to	 help	
rationalize	the	initial	product	distributions	in	these	cases	–	coordination	to	double	bonds	lacking	fluorine	
substituents	 is	kinetically	preferred	(vide	supra;	Chart	3).	 In	these	systems	 it	 is	 the	reversible	nature	of	
the	C–H	bond	activation	that	enables	the	thermodynamic	species	to	ultimately	be	obtained.	Formation	








In	 subsequent	 computational	 work	 involving	 elucidation	 of	 calculated	 C–H	 and	 M–C	 bond	 energy	
correlations,	 Eisenstein,	 Perutz	 and	 co-workers	 provided	 quantitative	 evidence	 to	 support	 the	
thermodynamic	preference	for	C–H	bond	activation	ortho	to	the	fluorine	substituents.79	Not	only	for	the	
aforementioned	 rhodium	 cyclopentadienyl	 systems	 (using	 {RhCp(PH3)}	 as	 a	 computationally	 amenable	
model	fragment),	but	as	a	general	phenomenon	for	a	range	of	other	reactive	transition	metal	fragments	
relevant	 to	 the	 activation	 of	 C–H	 bonds:	 {ZrCp2},	 {TaCp2H},	 {TaCp2Cl},	 {WCp2},	 {ReCp(CO)2},	
{ReCp(CO)(PH3)},	 {ReCp(PH3)2},	 {RhCp(CO)},	 {IrCp(PH3)},	 {IrCp(CO)},	 {Ni(H2PCH2CH2PH2)},	 and	
{Pt(H2PCH2CH2PH2)}.	 The	 thermodynamic	 driving	 force	 for	 this	 regioselectivity	 was	 attributed	 to	
significantly	 greater	 strengthening	 of	 the	 M–C	 versus	 the	 C–H	 bonds	 ortho	 to	 fluorine	 substituents	
(Figure	2).58	In	additional	to	this	computational	work,	Jones	and	co-workers	have	provided	experimental	
verification	 of	 these	 thermodynamic	 trends	 though	 direct	 measurement	 of	 metal–fluoroaryl	 bond	


























































(15,	 16),	 rhodium(I)	 complexes	 of	 PNP*	 [(4-Me-2-(iPr2P)C6H3)2N–]	 and	 POP	 [9,9-Me2-4,5-
(iPr2P)xanthene]	pincer	ligands	are	known	to	undergo	C–H	bond	activation	of	FB	(17,	18;	Chart	6).81,82	In	
the	former	case,	the	transient	{Rh(PNP*)}	 fragment	generated	by	thermolysis	of	 [Rh(PNP*)(Ph)(Me)]	 in	
FB	undergoes	reversible	C–H	bond	activation	of	the	solvent	leading	to	a	dynamic	equilibrium	mixture	of	
Rh(III)	aryl	hydride	isomers	at	room	temperature.	The	mono-hydride	complex	[Rh(POP)(H)]	activates	the	
C(sp2)–H	 bonds	 of	 a	 range	 of	 arenes	with	 the	 concomitant	 elimination	 of	 dihydrogen.	 Reactions	with	
toluene	 and	m-xylene	 afforded	mixtures	of	meta/para	 and	para	 activated	 rhodium	aryls,	 respectively,	
while	 FB	 and	 1,3-DiFB	 were	 instead	 activated	 with	 exclusive	 ortho	 selectivity,	 viz.	 formation	 of	





























































fluorinated	 benzenes.	 Compared	 to	 the	 lighter	 group	 9	 congeners	 these	 bond	 activation	 reactions	 of	
iridium	 are	 typically	 associated	 with	 inferior	 regioselectivity,	 i.e.	 reactions	 under	 kinetic	 control.	 In	
particular,	activation	of	FB	or	1,2-DiFB	using	iridium(III)	cyclopentadienyl	fragments	have	been	reported	
to	 afford	 mixtures	 of	 regioisomers	 (19	 –	 21;	 Scheme	 4).83	 Moreover	 as	 an	 illustrative	 intramolecular	
example,	Jones	and	co-workers	have	shown	the	sodium	acetate	promoted	cyclometalation	of	N-phenyl-












unfavorable	 interaction	 of	 fluorine	 substituents	 with	 late	 transition	 metals,	 C–H	 bond	 activation	
reactions	 of	 chloro-	 and	 bromo-benzene	with	 this	 pincer	 are	 directed	 and	 stabilised	 by	 halogen	 atom	
coordination,	ultimately	affording	ortho-activated	products.	No	products	of	C–Cl	or	C–Br	bond	activation	
were	observed	on	extended	heating.	Using	 instead	an	 iridium	complex	of	 the	more	electron	rich	PNP*	
pincer	 ligand,	 Ozerov	 and	 co-workers	 showed	 that	 C–Cl	 and	 C–Br	 bond	 oxidative	 addition	 becomes	















1                 :          2.3




21: n = 1; L = IMe2Me2; 
Y = MeB(C6F5)3










100	 ºC	 for	 20	 h.	 The	 authors	 were	 not	 able	 to	 assign	 these	 isomers,	 but	 the	 most	 probable	
thermodynamic	products	are	 rotamers	of	 [Ir(PNP*)(2-C6H5F)H].	More	 recently	work	 led	by	Ozerov	and	
one	of	us	has	demonstrated	selective	ortho	C–H	bond	activation	of	FB	 (and	also	1,2-DiFB,	 in	 the	 latter	
case)	 is	 possible	 at	 RT	 using	 instead	 aryl-based	 POCOP’	 (4-Me-2,6-(tBu2PO)2C6H3–)	 and	 PCP	 (2,6-











Proceeding	 through	 a	 similar	 three	 coordinate	 14	 VE	 Ir(I)	 fragment	 to	 those	 implicated	 in	 the	 pincer	
systems,	 [Ir(PiPr3)2Cl(COE)]	 undergoes	 C–H	 bond	 oxidative	 addition	 of	 benzene,	 FB	 (high	 ortho-
selectively)	 and	 1,2-DiFB	 (exclusive	 ortho-selectivity),	 on	 dissociation	 of	 alkene	 to	 afford	 Ir(III)	 aryl	
hydride	 derivatives	 27	 (Chart	 7).90,91	 Five	 coordinate	 28	 instead	 results	 from	 C–H	 bond	 activation	
reactions	 of	 the	 12	 VE	 Ir(I)	 fragment	 {Ir(IBioxMe4)2}+,	 generated	 on	 halide	 abstraction	 from	
[Ir(IBioxMe4)2Cl(COE)],	in	the	presence	of	excess	N-heterocyclic	carbene	(NHC).92	In	the	case	of	1,2-DiFB,	
characterisation	 of	 intermediate	 [Ir(IBioxMe4)2(C6H3F2)H]+	 at	 low	 temperature	 using	 in	 situ	 NMR	






























Cl, BrCl, BrX = F
Δ
22 – COE observed not observed
23 + NBE kinetic prod. mixture of isomers
(ortho thermo. prod.)
thermo. prod.























the	14	VE	 Ir(I)	 {Ir(IBioxMe4)3}+	 fragment	 in	solution,	by	reductive	elimination	of	the	arene,	enabling	the	
relative	thermodynamics	of	C–H	bond	oxidative	addition	to	be	determined	by	competition	experiments.	
More	favorable	oxidative	addition	was	observed	in	the	order:	FB	<	1,2-DiFB	<<	1,3,5-TriFB.	In	the	context	

















Of	 the	 other	 platinum	 group	metals,	 Caulton’s	 work	 involving	 the	 C–H	 bond	 activation	 of	 a	 range	 of	
fluorobenzenes	mediated	by	14	VE	Os(II)	intermediates,	generated	on	reductive	elimination	of	benzene	




is	 in	 contrast	 formed	 under	 kinetic	 control.95	 Platinum	 examples	 include	 thermolysis	 of	
[Pt(dmpe)(Me)(OTf)]	 in	1,2-DiFB,	affording	a	mixture	of	products	 including	the	 interesting	bis-activated	
[Pt(dmpe)(2,3-C6H3F2)2]	 (32),96	 and	 the	 regioselective	 bifunctional	 C–H	 bond	 activation	 of	 FB	 by	












































































Early	 transition	metal	 complexes	have	also	been	 shown	 to	 activate	 the	C–H	bonds	of	 FB	 and	1,2-DiFB	
(Chart	9,	Scheme	6).	As	part	of	a	study	by	Mayer	and	co-workers,	exploring	photochemically	induced	aryl	
C–H	bond	activation	reactions	of	the	Re(V)-oxo	complex	[Re(Tp)O(I)Cl],	the	unselective	activation	of	FB	




hydrocarbons,100	 Legzdins	 and	 co-workers	 have	 explored	 the	 activation	 of	 FB	 and	 1,2-DiFB	 using	 two	
different	 W(II)Cp*	 systems.101,102	 For	 instance,	 [WCp*(NO)(CH2tBu)2]	 reacts	 with	 high	 ortho-
regioselectivity	 with	 both	 FB	 and	 1,2-DiFB	 to	 afford	 37,101	 whereas	 the	 reaction	 of	
[WCp*(NO)(CH2tBu)(η3-CH2CHCHSiMe3)]	with	1,2-DiFB	bifurcates	depending	on	the	position	of	initial	C–H	
bond	activation,	 leading	to	two	distinct	organometallic	products.102	Perhaps	the	most	remarkable	early	
transition	 metal	 example	 is	 that	 reported	 by	 Mindiola	 and	 co-workers:	 thermolysis	 of	
[Ti=CHR(CH2R)(PNP*)]	(38,	R	=	tBu,	SiMe3)	in	a	range	of	fluoroarenes	(including	FB	and	1,2-DiFB)	results	in	
regioselective	C–H	bond	activation	via	1,2-addition	to	corresponding	transient	alkylidyne	{Ti≡CR(PNP*)},	
generated	 by	 elimination	 of	 RMe	 (Scheme	 6).103	 Interestingly	 the	 product	 fluoroaryl	 complexes	 39	
undergo	β-fluoride	elimination	on	heating	affording	titanium	fluorides	40	and	benzynes,	corresponding	
to	net	hydrodefluorination	of	the	fluorobenzene.	This	process	can	even	be	made	catalytic	by	employing	
LiCH2R	 (R	 =	 tBu,	 SiMe3)	 as	 a	 transmetallation	 reagent.	 Similarly,	 cerium	 aryl	 species	 are	 formed	 as	




























37: X = H (97% ortho), 









Recently	 there	 has	 been	 growing	 interest	 in	 exploiting	 the	 significantly	 more	 polar	 and	 electrophilic	
nature	 of	 C–H	 bonds	 in	 highly	 fluorinated	 aromatic	 systems	 in	 catalytic	 organic	 transformations.	
Arylation	reactions	of	fluoroarenes	have	been	reported	using	palladium,106	copper,107	and	more	recently	
ruthenium	 catalysts	 (Scheme	 7a).108	Where	 assayed,	 these	 reactions	were	 all	 found	 to	 be	much	more	
effective	with	 increasing	number	of	 fluoride	 substituents,	with	 FB	and	1,2-DiFB	generally	 shown	 to	be	
poor	substrates.	For	example,	in	the	palladium-based	process	<	2	TON	are	found	for	the	arylation	of	FB	
with	4-bromotoluene,	whereas	approaching	100	TON	could	be	achieved	in	the	equivalent	reaction	with	
pentafluorobenzene	 (PFB).106	 Moreover,	 for	 the	 ruthenium-catalysed	 arylation	 of	 1-bromo-3,5-
dimethylbenzene,	<	1	TON	was	reported	using	FB	as	a	substrate,	but	>	20	TON	using	instead	PFB.108	In	an	
adaption	 of	 these	 arylation	 reactions,	 Larrosa	 and	 co-workers	 have	 employed	 η6-bound	 chromium	
carbonyl	 fragments	 for	 enhancing	 these	 C–H	 bond	 activation	 reactions.109	 Other	 reactions	 reported	




More	productive	use	of	 FB	 and	DiFBs	 as	 substrates	 can	be	 achieved	 in	C–H	bond	borylation	 reactions	
catalysed	by	platinum	group	metals	(Scheme	7d).82,87,112,113	These	reactions,	however,	are	characterised	
by	poor	regioselectivity.	The	recently	reported	borylation	of	FB	(and	other	arenes)	using	iridium	POCOP’	
pincers	 epitomises	 this	 statement.87	 While	 an	 impressive	 1500	 catalytic	 turnovers	 could	 be	 achieved	
using	ethylene	as	a	sacrificial	hydrogen	acceptor,	the	borylation	products	were	obtained	as	a	mixture	of	
ortho	:	meta	:	para	isomers	in	a	40:46:14	ratio.	Interestingly,	the	authors	showed	FB	is	in	fact	activated	































kinetics	 in	 the	activation	of	 fluorobenzenes;	while	 the	ortho-activated	aryl	 hydride	 intermediate	 is	 the	
thermodynamically	 favored	 regioisomer,	 the	 reaction	 of	 this	 Ir(III)	 intermediate	 with	 HBpin	 under	



















































Alkenylation (and alkylation) of fluoroarenes
π-complex enhanced
Cross coupling




















































0.8	 kJ·mol-1	 upon	 substitution	of	hydrogen	atoms	with	 a	 single	 fluorine	atom	 in	 the	ortho-,	meta-	 and	
para-position	 respectively.114	 The	 trend	 is	 opposed	 to	 that	 found	 for	 C–H	 bond	 strengths	 in	







There	 are	 limited	 examples	 of	 well-defined	 reactions	 of	 transition	 metal	 complexes	 or	 main	 group	
reagents	with	FB	or	DiFBs.	The	vast	majority	of	studies	focus	on	substrates	with	higher	fluorine	content,	
C6H6-nFn	 (n	 >	 2).	 Here	we	will	 detail	 the	 reactions	 of	 the	 low	 fluorine	 content	 substrates	 (n	 <	 3).	 The	
fundamental	 steps	 for	 breaking	 the	 C–F	 bonds	 will	 be	 presented	 in	 the	 context	 of	 further	 reactivity	

























Electron-rich,	 low-valent	nickel	 complexes	of	 the	 form	 {NiL2}	 (L	=	PCy3,	NHC,	 cAAC	=	 cyclic	 amino	alkyl	
carbene)	 are	 currently	 the	 most	 broadly	 applied	 transition	 metal	 complexes	 for	 C–F	 bond	
functionalisation.	 While	 the	 reaction	 of	 FB	 with	 {NiL2}	 has	 yet	 to	 be	 observed,	 not	 only	 does	 1-
fluoronaphthalene	 react	 with	 [Ni(PCy3)2]	 to	 form	 the	 corresponding	 oxidative	 addition	 product,115	
detailed	studies	on	the	addition	of	perfluoronaphthalene	to	[Ni(PEt3)2]	have	allowed	the	identification	of	
the η2-complex	as	a	reaction	 intermediate	 in	the	oxidative	addition	pathway	(Scheme	10).116	The	focus	
on	 1st	 row	 d10	 complexes	 undoubtedly	 stems	 from	 the	 increased	 dπ-2pπ	 repulsion,	 and	 associated	
decrease	 in	 metal–fluorine	 bond	 strengths,	 as	 the	 triad	 is	 descended	 and	 the	 d-orbitals	 gain	 radial	
extension.5	Pd-	and	Pt-	complexes,	while	known	for	C–F	bond	activation,	are	less	widely	employed	than	







FB	 and	DiFBs	may	 undergo	 hydrodefluorination	 (Scheme	 11).	 Catalyst	 precursors	 include	 [Ni(acac)2]	 +	
IMes•HCl,	 [NiCl2(PCy3)2],	 [Pd2dba3]	 +	 P(O-2,4-tBu2C6H3)3	 and	 bimetallic	 Pd–Ru	 complexes	 (IMes	 =	 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene,	 dba	 =	 dibenzylacetone).124	 Reactions	 of	 DiFBs	 are	
unselective	 and	 lead	 to	 complete	 reduction	 to	 benzene.	 Deuterium	 labelling	 studies	 have	 shown	 that	
NaOiPr	 provides	 the	 hydride	 source	 through	 a	 β-hydride	 elimination	 step.122	 The	 involvement	 of	 a	










R = Cy, n = 0













coupled	 to	 form	biphenyl	 in	modest	yield	using	2	equiv.	of	 lithium	di-iso-propylamide	as	a	base	 in	 the	
presence	 of	 10	 mol%	 [Ni(cAAC)2].127	 Although	 homocoupling	 is	 a	 potential,	 an	 often	 observed,	
competitive	 pathway	 in	 Kumada	 and	 Suzuki-Miyaura	 cross-coupling	 chemistry,	 nickel-phosphine	








In	 1973,	 Kumada	and	 co-workers	 reported	 that	 the	 reaction	of	 FB	with	 iPrMgCl	 could	be	 catalysed	by	
[NiCl2(dmpe)]	 (dmpe	 =	 1,2-(bis)dimethylphosphinoethane).128	 This	 rare-example	 of	 C(sp3)–C(sp2)	 cross-
coupling	was	followed	by	numerous	reports	of	C(sp2)–C(sp2)	coupling	using	prepared	or	in	situ	generated	
Ni(0)	 (bis)phosphine	 or	 (bis)NHC	 complexes.129,130	 Air-stable	 phosphine	 oxide	 and	 phosphine	 sulfide	
ligands	 (41-42)	 have	 been	 investigated	 in	 these	 reactions,	 as	 have	 chelating	 phosphines	 and	 NHCs.131	
While	ArMgX	(X	=	Br,	Cl)	are	regularly	employed	as	cross-coupling	partners,	reports	of	RMgBr	(R	=	alkyl)	
are	 limited	 due	 to	 the	 propensity	 of	 these	 groups	 to	 isomerise	 from	 branched-to-linear	 (σ–π–σ	
mechanism)	 or	 decompose	  (β-hydride	 elimination)	 on	 the	 transition	 metal:128	 problems	 that	 are	
circumvented	with	MeMgBr.132	Although	most	 catalysts	 are	unselective	 for	 cross-coupling	 reactions	of	

















THF, 50oC, 4-6 h
ArMgBr
3 mol% [Ni(acac)2]
3 mol% 41,THF, 20oC
Ar = 4-MeOC6H4, 88%
B2nep2
10 mol% [Ni(COD)2]









X = O, 41; X = S, 42
R
OH PPh2
R = 2-PPh2C6H4, 43
    = Me, 44
Phosphorus based ligands for C–C coupling:








nep = neopentyl glycolato
	 23	
noteworthy:	A	Hammett	analysis	performed	on	C(sp2)–C(sp2)	cross-coupling	of	FB	catalysed	by	[Ni(NHC)2]	
gave	 p	 =	 4.6±0.4,129	 while	 12C/13C	 kinetic	 isotope	 effects	 measured	 for	 the	 addition	 of	 PhMgBr	 to	 2-
fluorotoluene	catalysed	by	[Ni(acac)2]	/	44	are	negligible	for	all	positions	but	the	ipso-carbon	which	gives	
a	 KIE	 =	 1.014(3).135,136	 The	 former	 experiment	 suggests	 an	 accumulation	 of	 negative	 charge	 on	 the	
aromatic	system	at	the	rate-limiting	step,	while	the	latter	suggests	that	a	substantial	amount	of	C–F	bond	
breaking	is	present	in	the	first	non-reversible	step.	Both	are	consistent	with	oxidative	addition	of	the	C–F	
bond	 to	 an	 {ML2}	 intermediate.	 Additional	 insight	 provided	 by	 DFT	 studies	 on	 the	 systems	 employing	





reagents	 in	 the	presence	of	catalytic	 [ZrF4],	 [Ni(COD)2]	and	PCy3	and	stoichiometric	CsF.137A	number	of	
heterogeneous	palladium	catalysts	are	also	known	to	effect	the	coupling	of	boronic	acids	with	FB	or	1,4-
DiFB.138	Replacing	the	nucleophile	with	diborane	reagents	including	B2pin2	(bis(pinacolato)diborane)	and	







with	 fluorobenzenes.140	 Oxidative	 addition	 proceeds	 to	 yield	 a	 1:1	 mixture	 of	 cobalt	 aryl	 and	 cobalt	
fluoride	 (Scheme	 12).	 The	 empirical	 rate	 =	 kobs[Co][FB],	 lack	 of	 biphenyl	 or	 benzene	 formation,	 and	
























































single	 Nb(V)	 organometallic	 (Scheme	 13).142	 The	 relative	 rates	 of	 reaction	 for	 FB,	 DiFBs	 and	 1,2,4,5-
tetrafluorobenzene	are	in	complete	contrast	to	the	expectations	afforded	by	existing	reactivity	trends.	In	
combination	 with	 DFT	 studies,	 the	 data	 support	 rate-limiting	 dissociation	 of	 the	 fluoroarene	 from	 a	







14).143	 Despite	 the	 potential	 for	 both	 competitive	 C–H	 bond	 activation	 and	 generation	 of	 a	 stable	η2-
fluoroarene	complex,	the	reaction	proceeds	with	a	half-life	of	3.3	h	at	20	ºC.	DFT	studies	suggest	that	the	
η2-fluoroarene	 complex	 is	 bypassed.	 The	 intermediate	 observed	 by	 31P	 NMR	 is	 implied	 to	 be	 the κF-
fluoroarene	 adduct	 which	 precedes	 rate-limiting	 oxidative	 addition.	 In	 the	 presence	 of	 a	 silane	 (e.g	
PhSiH3,	 Ph2SiH2,	 Et3SiH	 or	 Me2PhSiH)	 46	 and	 47	 catalyse	 and	 mediate,	 respectively,	 the	
























































and	 co-workers	 have	 rationalised	 the	 data	 in	 terms	 of	 competitive	 C–F	 and	 C–H	 bond	 activation.	 The	
hydrodefluorination	product	benzene	can	be	produced	by	direct	attack	of	the	zirconium	hydride	on	FB	by	
an	 SNAr	 mechanism.	 Competitive	 deprotonation	 of	 FB	 in	 the	 ortho-position	 followed	 by	  β-fluoride	

















































































1  :  1  :  0.75
H2









groups	 has	 shown	 that	 in	 situ	 generation	 and	 catalytic	 turnover	 of	 the	 zirconocene	 hydride	 can	 be	
achieved	 using	 the	 aluminium	 dihydride	48	 as	 a	 terminal	 reductant	 and	 [ZrCp2Cl2]	 as	 a	 precatalyst.145	
Combining	this	aluminium	reagent	with	1-2	mol%	[RhCp*Cl(µ-Cl)]2	leads	to	the	formation	a	highly	active	




Insight	 into	 C–F	 bond	 activation	 of	 fluoroarenes	with	 ruthenium	 hydride	 complexes,147	 led	Whittlesey	
and	 co-workers	 to	 prepare	 [Ru(IEt2Me2)2(PPh3)2(H)2]	 and	 investigate	 its	 reaction	 with	 fluorobenzenes	
(IEt2Me2	 =	 1,3-diethyl-4,5-dimethylimidazol-2-ylidene).	 The	 trans-arrangement	 of	 hydrides	 in	 the	 latter	
complex	imparts	high	nucleophilicity	to	Ru–H	and	catalytic	hydrodefluorination	of	HFB	proceeds	to	form	
a	 mixture	 of	 products	 including	 small	 amounts	 (4-7	 %)	 of	 FB	 derived	 from	 reaction	 of	 a	 mixture	 of	
regioisomers	of	DiFB.148	Grushin	and	co-workers	have	shown	that	H2	may	be	used	as	a	terminal	reductant	
in	the	hydrodefluorination	of	1-fluoronaphalene	and	FB	using	a	rhodium	hydride	precatalyst.	Reaction	of	
1-fluoronaphthalene	with	H2	 (80	 psi)	 at	 95	 ºC	 can	 be	 catalysed	 by	 [Rh(PCy3)2(H)Cl2]	 under	 rigourously	
anhydrous	 conditions.149	 While	 this	 homogeneous	 catalyst	 is	 inefficient	 for	 the	 conversion	 of	 FB	 to	
benzene,	 introduction	 of	 small	 amounts	 of	 air/oxygen	 results	 in	 the	 formation	 of	 a	 highly	 active	






The	 anion	 [RhCp*(PMe3)H]–	 plays	 a	 key	 role	 in	 the	 catalytic	 hydrodefluorination	 of	 perfluoroarenes	
including	 HFB	 and	 octafluoronaphthalene.151	 Although	 less	 wide-spread	 than	 the	 examples	 of	
nucleophilic	addition	of	metal	hydrides	to	fluorocarbons,	a	handful	of	examples	of	nucleophilic	addition	
of	 metal	 anions	 to	 fluorobenzenes	 are	 known.	 Bergman	 and	 co-workers	 reported	 the	 preparation	 of	




The	 Ir-porphyrin	 [Ir(ttp)(SiEt3)]	 (ttp	 =	 tetratolylporphyrinato	 dianion)	 effects	 sequential	 aromatic	 C–F	
then	C–H	bond	activation	of	FB,	1,4-DiFB	and	1,2-DiFB	under	forcing	conditions	(150	–	200	ºC).93	Both	the	














following	 fluoride	 abstraction.	 Alkyl	 cations	 are	 potentially	 stabilised	 through	 hyperconjugation,	 while	
SN1	processes	involving	Ph–X	(X	=	halide)	are	extremely	rare	due	to	the	instability	of	C6H5+.	Reed	and	co-
workers	 have	 reported	 the	 reactions	 of	 FB	 with	 [Et3Si][CHB11Cl11]	 and	 [{2,6-(2,6-
MeC6H3}2C6H3}SiMe2][CHB11Cl11]	 (Scheme	17).154	 Fluoride	 abstraction	occurs	 to	 form	 the	 corresponding	
silyl	fluoride,	in	the	former	case	the	intermediate	[C6H5][CHB11Cl11]	is	trapped	as	an	adduct,	while	in	the	
later,	 Friedel-Crafts	 phenylation	 of	 the	 terphenyl	 ligand	 is	 observed.	 In	 line	 with	 these	 findings,	




























































































trapping	 of	 phenyl	 radicals	 from	 FB	 with	 solvated	 electrons	 generated	 from	 potassium	 in	 liquid	
ammonia.157	The	Mn-porphyrazine	50	 is	an	effective	catalytic	agent	 for	 the	 reductive	defluorination	of	
1,2-DiFB	using	chemical	or	electrochemical	reduction	(Scheme	18).158	As	part	of	these	studies	isomers	of	
both	 trifluorobiphenyl	 and	 difluorobiphenyl	 were	 observed,	 arising	 from	 C(sp2)–H	 /	 C(sp2)–F	 coupling	
presumed	to	occur	from	the	reaction	of	intermediate	[C6H4F]•	with	DiFB	and	itself	respectively.	In	related	










synthetic	 chemistry	and	catalysis.	Given	 its	presence	 in	 large	excess,	 the	 solvent	employed	 is	 a	 critical	





























toxic,	 readily	 dried,	 and	 polar	 enough	 to	 solvate	 both	 neutral	 and	 charged	 organometallics.	 The	
formation	of	π-complexes	 is	hampered	by	the	poor	electron-donating	ability	of	the	arene	and	typically	
only	 electron-rich	 metal	 fragments	 bind	 fluorobenzenes	 strongly	 due	 to	 enhanced	 π-back	 bonding.	
Moreover,	as	a	result	of	weak	binding	energies,	well-defined	complexes	of	FB	and	1,2-DiFB	can	represent	
valuable	 organometallic	 precursors:	 facile	 substitution	 of	 the	 arene	 in	 solution,	 revealing	 up	 to	 three	





increase,	 while	 the	 C–F	 bond	 strengths	 decrease	 and	 the	 arene	 becomes	 more	 activated	 towards	
nucleophilic	attack.	As	a	consequence,	 the	bond	activation	chemistries	of	FB	and	1,2-DiFB	are	not	well	
developed	in	comparison	to	more	fluorinated	arenes	such	as	C6F6	(HFB)	and	C6F5H	(PFB).	In	cases	where	
C–H	 or	 C–F	 bond	 activation	 does	 occur,	 detailed	 mechanistic	 studies	 have	 highlighted	 interesting	
subtleties	 associated	 with	 the	 kinetic	 and	 thermodynamics	 of	 these	 processes.	 For	 instance,	 the	
formation	of	η2-arene	intermediates	in	C–H	bond	oxidative	addition	reactions	result	in	kinetic	selectivity	
for	bond	activation	at	positions	remote	to	the	fluorine	substituent(s),	despite	activation	of	the	ortho	C–H	
bonds	 being	 favoured	 thermodynamically	 by	 the	 “ortho	 fluorine	 effect”.	 Activation	 of	 C–F	 bonds	 is	
typically	observed	with	first	row	and	early	transition	metal	complexes,	and	here	the	newly	formed	M–F	






constitute	a	useful	 reference	point	 for	 chemists	 that	employ	FB	and	1,2-DiFB	as	 solvents.	Outside	 this	
window,	FB	and	1,2-DiFB	may	be	viewed	as	inexpensive	substrates	for	chemical	synthesis	by	C–H	or	C–F	
bond	 activation.	 Due	 to	 increasing	 appreciation	 of	 the	 beneficial	 role	 of	 fluorine	 in	 pharmaceuticals,	
agrochemicals	and	materials,	the	use	of	FB	and	DiFBs	as	partially	fluorinated	building	blocks	by	C–C	or	C–
heteroatom	bond	formation	becomes	an	attractive	prospect.	Challenges,	however,	remain	 in	this	area;	
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